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Abstract

Biodegradable nanocomposites have been successfully fabricated from the thermoplastic cornstarch (TPCS) and activated-montmorillonite
(MMT) by melt-intercalation. TPCS was plasticized with novel plasticizers urea and formamide, and the activated-montmorillonites were
obtained using citric acid as the activated solvent. Compared with urea and formamide-plasticized thermoplastic cornstarch (UFTPCS), the
mechanical properties of nanocomposites were very good. The thermal analysis was investigated by Differential Scanning Calorimetry (DSC).
The effect of water content on the mechanical properties of nanocomposites was studied. Dynamic Mechanical Thermal Analysis (DMTA) was
also carried out. The structure and morphology of biodegradable nanocomposites were characterized by wide-angle X-ray diffraction (WAXD),
scanning electron microscope (SEM) and transmission electron microscope (TEM). It was revealed that UFTPCS were intercalated into the layers
of MMT successfully, and layers of MMT were fully exfoliated and so formed the exfoliated nanocomposites with MMT. This manufacturing

process is simple and environmentally friendly.
© 2005 Published by Elsevier Ltd.
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1. Introduction

Since the methods of polymer intercalation and intercalative
polymerization resolve the dispersion and interface problems
in the preparation of polymer nanocomposites, the poly-
mer/montmorillonite (MMT) nanocomposites have developed
rapidly in the recent decade (Gross & Kalra, 2002; Lu, Yang,
Sellinger, Lu, Huang and Fan, 2001; Merkel, Freeman,
Spontak, He, Pinnau and Meakin, 2002; Okamoto, Nam,
Maiti, Kotaka, Hasegawa and Usuki, 2001; Ray & Okamoto,
2004; Ray, Yamada, Okamoto, & Uede, 2002; Usuki,
Hasegawa, Kadoura, & Okamoto, 2001). Currently, the
matrixes of nanocomposites are mainly synthetic polymers,
such as polyolefin, polyamide, polyester, and so on (Koerner,
Jacobs, Tomlin, Busbee, & Vaia, 2004; Lee, Park, Yoon, &
Kim, 2001; Osman, Atallah, 2004; Sun & Garces, 2002; Zilg,
Thomann, Muhaupt, & Finter, 1999). However, studies on
natural polymers are limited, and the material prepared from
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natural polymers has poor performance or a high cost. For
example, thermoplastic starch/tunicin whiskers nanocompo-
sites are expensive because of the high price of tunicin
whiskers (Angles & Dufresne, 2000, 2001); Park et al. (Park,
Lee, Park, Cho, & Ha, 2003; Park, Li, Jin, Park, Cho and Ha,
2002; Park, Misra, Drzal, & Mohanty, 2004) prepared the
thermoplastic starch (TPS)/clay hybrids in which the weight
ratio of native potato starch/water/glycerol contained in TPS
was 5/2/3, and they studied the combination of natural
polymers and inorganic mineral at the nanometer level,
however, the mechanical properties of the hybrids were poor.
The thermoplastic cornstarch (TPCS) plasticized by different
plasticizers was prepared in our previous study, in which the
crystallization behaviors of these materials resulting from
longtime storage was inhibited, but the mechanical properties
were still poor (Huang, Yu, & Ma, 2004; Ma & Yu, 2004a-c;
Ma, Yu, & Feng, 2004).

Starch is attractive because it is a cheap material and has
very fast biodegradability (Carvalho, Zambon, Curvelo, &
Gandini, 2003). In order to obtain a biodegradable material
with good mechanical properties, thermoplastic cornstarch
plasticized by urea and formamide/citric acid-activated
montmorillonite (UFTPCS/MMT) nanocomposites were
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prepared by melt-intercalation in this study. The weight ratios
of starch/urea/formamide were 10/2/1. It was discovered that
the use of the novel plasticized system and the formation of the
exfoliated nanostructure improved the mechanical properties
of the biodegradable nanocomposites. The thermal properties
and dynamic mechanical properties were investigated by DSC,
DMTA, and the effect of water content on the mechanical
properties of the nanocomposites was also studied.

2. Experimental
2.1. Materials

Cornstarch (11.5% moisture, 25% amylose) was obtained
from Langfang Starch Company (Langfang, Heibei, China);
Citric acid, formamide and ethanolamine were purchased from
Tianjing Chemical Reagent Third Factory (Tianjin, China);
Sodium montmorillonite (Na*-MMT) with a cation exchange
capacity (CEC) of 90-100 mmol/100 g as an inorganic host
material was supplied by Zhangjiakou Qinghe Chemical Plant
(Heibei, China).

2.2. Activation of MMT

About 5.04 g citric acid and 2.4 ml sulfuric acid (98%) were
in turn added to 700 ml water at 80 °C. This solution was
slowly added to a water solution that contained 20 g MMT. The
mixture was stirred at 80 °C for 3 h, then cooled to room
temperature, filtered and dried. After being ground and filtered,
the citric acid-activated montmorillonite (CMMT) was
obtained.

2.3. Preparation of biodegradable nanocomposites

The UFTPCS/MMT nanocomposites were prepared
through two steps. For the first step, the urea (20 wt%)
was dissolved with the formamide (10 wt%) to obtain the
plasticizers (Ma & Yu, 2004; Ma et al., 2004), and the
plasticizers were premixed (3000 rpm, 2 min) with corn-
starch in the High Speed Mixer GH-100Y (made in China),
and retained in the tightly sealed plastic bags for 48 h to
swell the granular cornstarch molecules. Then these swollen
mixtures were transferred into the single screw plastic
extruder SJ-25 (s) (Screw Ratio L/D=25:1, Beijing, China)
with a screw speed of 20rpm, so the UFTPCS was
obtained. After processing, the UFTPCS were cooled and
cut to small particles in order to be easily mixed with MMT
powders. These UFTPCS granules were then mixed with
different proportions of CMMT, and these mixtures were
transferred to the single screw Plastic Extruder again. The
extruder temperature profile of the first step and second step
from feed zone to die was105, 110, 115, 120 °C (Ma et al.,
2004). The die was a round sheet with 3 mm-diameter
holes.

2.4. X-ray diffractometry

X-ray diffraction (XRD) analyses of the UFTPCS/CMMT
nanocomposites, CMMT and MMT were carried out using a
BDX3300 X-ray diffractometer (40kV, 100 mA) equipped
with a Ni-filtered Cu radiation and a curved graphite crystal
monochromator. The scanning rate was 2°/min. The
diffractometer was equipped with 1° divergence slit, a
0.16 mm receiving slit and a 1° scatter slit.

2.5. SEM and TEM

Scanning Electron Microscopy (SEM) morphologies were
obtained using Philips XL-3. The samples were cooled in
liquid nitrogen, and then fractured. The fracture faces were
vacuum coated with gold for SEM. The nanocomposites
specimens were performed with Transmission Electron
Microscope (TEM) JEM-1200EX, operating at an acceleration
voltage of 80 kV. The specimens were sliced in liquid nitrogen
with the Reichert-Jung Ultracut E microtome, the thickness
was 50-70 nm.

2.6. DSC testing

Differential Scanning Calorimetry (DSC) was performed
with a NETZSCH DSC 204 equipment, fitted with a cooler
system using liquid nitrogen. It was calibrated with an
indium standard. Conditioned samples with 10 mg were
placed in pressure-tight DSC cells, and at least three
individual measurements were made to ensure reproduci-
bility. Each sample was heated from —80 to 100°C at a
heating rate of 10 °C/min. The glass transition temperature
(Ty) was taken as the inflection point of the specific heat
increment at the glass—rubber transition.

2.7. Mechanical testing

According to the National Standard of China GB1040-79,
the tensile stress and tensile strain of biodegradable
nanocomposites were measured using Testometric AX
M350-10KN Materials Testing Machines. The specimens
were measured after being stored in a controlled chamber at
RH50% for about 2 weeks. The crosshead speed was
10 mm/min. All measurements were performed for five
specimens (80 mm X3 mm in size) and averaged.

2.8. DMTA analysis

Dynamic mechanical thermal analysis (DMTA) was carried
out with a NETZSCH DMA 242 instrument (Orientec Co.) in
the tension mode with the following parameters: frequency =
3.33 Hz; scan rate =3.0 K/min; temperature range= — 100 to
100 °C. Samples (water content 11.5%) were prepared using
the XX-I flat-sulfuration machine, and the dimension of sample
was 16.0X7.5X2.5 mm. The dynamic storage modulus (E/),
loss modulus (E”), and mechanical loss tangent (tan ( =E”/E/)
were measured.
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Fig. 1. XRD patterns of MMT, CMMT and UFTPCS/MMT nanocomposites.

3. Results and discussion
3.1. X-ray diffraction

The X-ray diffraction (XRD) patterns of MMT, CMMT and
UFTPCS/MMT nanocomposites with 5 wt% CMMT were
presented in Fig. 1.

As shown in Fig. 1, the diffraction peak of montmorillonite
(001) crystal plane moved from 8.75 to 5.71°, when MMT was
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activated by citric acid. According to the Bragg diffraction
equation, 2d sin 0= A, the spacing d001 between the layers are
1.01 and 1.55 nm, respectively, which indicated that the
distances between the layers of MMT were widened, and
the citric acid was intercalated into the layers of MMT. The
microenvironment between the layers was ameliorated, which
made MMT easy to react with UFTPCS. XRD pattern of
nanocomposites showed that the diffraction peak d001 of
nanocomposites disappeared. This indicated that the crystal
lattice structure of MMT was totally dispersed, the slice layers
were exfoliated into the UFTPCS, and combined with UFTPCS
at the nanometer level, and so the exfoliated nanocomposites
were formed.

3.2. Morphology

The SEM micrographs and the TEM images were presented
in Fig. 2. As shown in the SEM micrographs of native
cornstarch (Fig. 2a) and UFTPCS (Fig. 2b), the thermoplastic
cornstarch plasticized by the urea and formamide formed a
continuous UFTPCS phase, the cornstarch granules were
destroyed, which was the foundation of preparing the
nanocomposites with high performance. The SEM image
(Fig. 2¢) of nanocomposites with 5 wt% MMT showed that the
MMT was uniformly dispersed in the UFTPCS. TEM
micrograph of UFTPCS/MMT nanocomposites with 5% mass
content MMT, which was magnified 100 thousand times, are
presented in Fig. 2d. The white areas were UFTPCS phase
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Fig. 2. Micrographs of different kinds of material. (a) SEM image of native cornstarch. (b) SEM image of UFTPCS. (c) SEM image of nanocomposites. (d) TEM

image of nanocomposites.
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Fig. 3. DSC thermograms of nanocomposites with 5 wt% CMMT.

and the black areas were the exfoliated CMMT layers dispersed
in UFTPCS phase. This indicated that a combination effect and
thermal effect of single screw plastic extruder and the
compatibility of MMT and UFTPCS, the melting UFTPCS
molecular chains were intercalated in the MMT layers spacing
successfully. The MMT layers were exfoliated (black areas)
and uniformly dispersed in the UFTPCS matrix at nanometer
level. The TEM results corresponded well with the WAXD
patterns.

3.3. DSC analysis

Fig. 3 was the differential scanning calorimetry (DSC)
traces of UFTPCS and biodegradable nanocomposites. Their
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DSC thermograms were quite similar, and both of them
displayed two distinct ill-defined (as least for this heat capacity
scale) specific heat increments. The low-temperature specific
heat increment of the UFTPCS was located at —49 °C, and the
high-temperature specific heat increment was located at 29 °C.
The specific heat increments of the biodegradable nanocompo-
sites were higher than that of the UFTPCS, which were located
at —39 and 35 °C, respectively. The high-temperature specific
heat increment reflected the glass transition temperature (7,) of
the biodegradable plastic using thermoplastic starch as the
matrix, and the low-temperature specific heat increment
indicated the movement of the smaller mobile unit, such as
the short chains, side groups, some groups on the side groups,
and branch chains in the starch molecular chain backbone,
which was called the secondary transition. Lourdin, Bizot, and
Colonna (1997) indicated that the low-temperature specific
heat increment of thermoplastic starch (e.g. —49 and —39 °C)
had little relation with the content of the plasticizer. The reason
that the 7, and the secondary transition temperature of the
biodegradable nanocomposites were higher than that of the
UFTPCS was the MMT and the UFTPCS formed exfoliated
nanostructure in nanocomposites, which restricted the mol-
ecular chain movement of UFTPCS.

3.4. Mechanical properties

3.4.1. The effect of MMT contents on the mechanical properties
of biodegradable plastic

Fig. 4 showed that the tensile stresses of biodegradable
nanocomposites with different MMT mass contents were
obviously higher than that of UFTPCS. The tensile stress of
biodegradable nanocomposites with 10 wt% MMT was the
highest at 24.9 MPa. The biodegradable nanocomposites with
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Fig. 4. The mechanical properties of UFTPCS and nanocomposites with different mass contents MMT.
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Fig. 5. The effect of water contents on the mechanical properties of UFTPCS and nanocomposites.

5wt% MMT had the maximal tensile strain 134.5%. The
mechanical properties of the biodegradable nanocomposites
were very good, because the exfoliated MMT slices uniformly
dispersed in the matrix of UFTPCS, and properly combined
with the UFTPS on the interface, and so formed the stable
polyphase nanostructure. The biodegradable nanocomposites
with 5 wt% CMMT were worth further study because of their
good mechanical properties.

3.4.2. The effect of water contents on the mechanical properties
of biodegradable plastic

In general, the mechanical properties of biodegradable
plastic using thermoplastic starch as the matrix were sensitive
to the moisture content (Ma & Yu, 2004; Pamies, Roudaut,
Dacremont, Le Meste, & Mitchell, 2000; Roudaut, Dacremont,

& Le Meste, 1998; Roudaut et al., 1998), so the effect of the
moisture content on mechanical properties of biodegradable
nanocomposites and UFTPCS was studied here. Fig. 5 showed
the effect of water contents on the biodegradable nanocompo-
sites. With the increasing of water content (from 5 to 35%), the
tensile stress and tensile strain first increased and then
decreased. At low moisture content, the plastic became brittle
presumably because of interaction between starch molecules.
When the moisture content was high, the reaction between the
starch molecules was weakened. Although the plastic became
soft, both the tensile stress and the tensile strain decreased. In
conclusion, the tensile stress and tensile strain of the
biodegradable nanocomposites were higher than that of
UFTPCS, which was caused by the strong interface reaction
between the molecular chains of cornstarch and MMT in
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Fig. 6. The relation curves of tan ( and the temperature of UFTPCS and nanocomposites.
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Fig. 7. Typical storage modulus behavior of UFTPCS and nanocomposites.

biodegradable nanocomposites. When the water content was
7.9%, the UFTPCS had the highest tensile stress at 8.9 MPa.
When the water content was 11.05%, the UFTPCS had the
highest tensile strain at 109.7%. For the biodegradable
nanocomposites, they had preferable mechanical properties
when the water content varied from 7.3 to 17.1%, and they had
good ductibility when the water content varied from 9.8 to
22.9%. The maximal tensile stress of nanocomposites reached
23.7 MPa when the water content was 17.1%, and the highest
tensile strain becomes 158.9% when the water content was
17.1%.

3.5. DMTA analysis

The dynamic storage modulus (E’), loss modulus (E"), and
mechanical loss tangent (tan 6=E”/El) with the change of
temperature were measured by the Dynamic Mechanical
Thermal Analys1s (DMTA). E was the storage and recovered
energy. E represented energy in the form of heat in a cycle.
The tan § was ratio of loss to the storage energy in a cycle.
Decreasing E and the increasing tan ¢ indicated the elasticity
of the material decreased, and the material was more easy to
permanently deform. The inflections in E’ and E temperature
were accompanied by peaks in tan 6, which was the
representation of material molecular transition, such as the
glass transition temperature T, the transition point from the
glassy to rubber state.

The T, of dry corn starch was about 210 or 230 °C (derived
from the extrapolated data), T, of dry corn starch could not
measured directly, (because it was very close to the
decomposition temperature 225-250 °C) (Bikiaris and
Panayiotou, 1998).

Figs. 6 and 7 showed the variation with temperature of the
storage modulus and tan ( for biodegradable plastic. According
to the relation curves (Fig. 6) of tan ( and the temperature, there
were two transitions for the both plastics. The high-temperature

transitions of UFTPCS and the nanocomposites were,
respectively, 29.4 and 37.4 °C, the low-temperature transitions
were —47.6 and —38.2 °C. The high-temperature transition of
the biodegradable plastic was the glass transition. Compared
with the T, of dry starch, it was clearly defined. The T, of
UFTPCS (29.4 °C) was lower than that of nanocomposites
(37.4°C), because compared with UFTPCS, the starch
molecular chain in nanocomposites was restricted by the
MMT exfoliated nanostructure, and the degree of freedom
decreased. It was important to note that the two transitions of
biodegradable plastic measured by DMTA were basically in
agreement with the two transitions measured by DSC
(Roudaut, Dacremont, Pamies, Mitchell, & Le Meste, 2003;
Roudaut et al., 2004).

In Fig. 7, the storage modulus of the two kinds of
biodegradable plastic from —90 to 60 °C obviously decreased.
The highest E of biodegradable nanocomposites was close to
13,000 MPa that is 1.8 times than that of UFTPCS, which was
all caused by the particular nanostructure of biodegradable
nanocomposites.

4. Conclusion

Biodegradable nanocomposites were successfully obtained
from the thermoplastic cornstarch (TPCS) and activated-
montmorillonite by melt-intercalation. The thermoplastic
cornstarch was plasticized with novel plasticizers urea and
formamide and activated-montmorillonite were obtained using
citric acid as the activated solvent. UFTPCS were intercalated
into the layers of CMMT successfully; layers of MMT were
fully exfoliated and formed the exfoliated nanocomposites with
MMT, which were proved by Wide-angle X-ray diffraction
(WAXD), scanning electron microscope (SEM) and trans-
mission electron microscope (TEM). DSC analysis revealed
that the specific heat increments of UFTPS were located at
—49 and 29 °C, and those of biodegradable nanocomposites
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were located at —39 and 35°C, which were basically
accordant to the two transitions measured by DMTA. The
mechanical properties of biodegradable nanocomposites were
obviously better than that of UFTPCS. The biodegradable
nanocomposites with 5 wt% MMT was a kind of biodegradable
plastic with good mechanical stiffness and flexibility, and the
maximal tensile strain reached 23.7 MPa when the water
content was 8.7%, and the maximal tensile strain became
158.9% when the water content was 17.1%. The storage
modulus of biodegradable nanocomposites was 1.8 times than
that of UFTPCS. Those all had relations with the particular
nanostructure of biodegradable nanocomposites. This manu-
facturing process was simple and environmentally friendly.
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